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During the history of aviation the stresses 
end strains whieh occur in landing gears during the initial 
part of lending an sairplene have net been thoroughly 
investigated. In this thesis a study was made of the 
stresses and deflections which occurred upon landing, 
The response and forees resulting from these dynamic 
loads will be of primary concern, 

The teating apparatus is located in building 
No. 717, Rosemount Research Center, Rosemount, “innesotea. 

The reference material used in developing this 
theory, consisting of periodicals and engineering texts, 
were obtained from the aeronautical engineering office 
and the engineering library of the University of ¥inne- 
sota,. 

The author is greatly indebted to Professor 
d, A. Wise for his guidance and valusble assistance in 
the preparation of this peper, Thanks is elso due H. 
Wood for his liberal collaboration in the construction, 
design and testing sctivities. 

Be Ve Te 


Mirnneepolis--August, 1949. 
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This is a preliminary study of the dynamic condi- 
tions of a landing gear and covers a range from light 
to above avetage landings. The weight aesimed is 
approximately two-fifths of the normal static load on 
& landing gear. In actual ledings en airplane wing 
still hes lift during its initial phase, therefore, 
these assumptions are ressonsble,. 

The experimental work covers the dropping renge 
from two to five feet per secc 





1d with varying tire 
pressures from twenty-four to forty pounds per square 
inch. These two parameters sre the only conditions 
varied in this report. 

A theoretical sample problem is worked for these 
eonditiona: A tire is assiumed with 39 pounds per square 
inch pressure carrying a total weischt of one thousend 
and sixty pounds and having a dropping velocity of four 
feet per second. 

A comparison of this problem is made with the ex~ 
perimental values. The results indicate that the theo- 
retical force is 22 per cent greater than the recorded 
data. The period resulting from setting up the equations 
of motion show that it is two and one half per cent less 


than that measured, 
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This thesis is the initial study in a projected 
series of reports concerning the stresses, strains, 
deflections and gensral information of a landing zear, 
This is part of a plan created by the Aeronautical 
Bngineering Department, University of Minnesota. Only 
@ limited phase of the subject will be covered in this 
paper since the scope of the field is far reaching, 
The reason for this limitation is that excessive time 
wes required in the original eonstruction of the test- 
| ing apparatus. 

First, a method had to be devised to simulate con- 
trolled lendings sixilar to those encountered in an 
alrereft. This set-up was recuired to be in a labora- 
tory so that accurate readings could be observed and 
recorded. 

A Navy SNJ lending gear was used for testing pure 
poses. The range of tire pressure was from 2), to lo 
pounds per square inch, while the sinking speeds were 
varied from 2 to 5 feet per second. These ranges were 
chosen es being close to conventional landing conditions, 

The present data sives sufficient inforsetion to 
verify the theory, but sore recordings would have given 


a clesrer pleture. 
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APPARATUS AND IRSTRUMENTS 


The problem required a setup which wuld simlate 
the actual landing of an aircraft. A large flywheel 
was desired which would withstand heavy weights and could 
be revolved at speeds equivalent to those of lendings, 
When a flywheel ten feet in diemeter was found, an old 
reduction sear end test engine were used for power, 
This combination took esre of turming such a large 
disc. With this material on hand the drawings of the 


pit and assembly were made, 


The final assembly is shown in Pig. Now 1. 








5 
The driving mechanism is illustrated in Pig. Wo. 2. 






Fig. No. 2 


After the appsratus was constructed type C-1,SR-l, 
strain zauges, made by Baldwin Southwark Division of 
the Baldwin Locomotive Works, were plsced on tne lower 
brace of the landing geer ina to and aft position 
opposite each other so the drasc forces could be measured. 
Also, gaures were placed perpendicularly to those 
formerly mentioned in order to wezxasure the axial forces. 
To determine the relative displacements between the oleo 
end the strut itseif a potentiometer with a scissors 
lever arm wes installed. A cantilever with damper wes 
placed in an appropriate position, and strain gauges 


were properly locsted to measure the sovesent and deflec- 
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Fig, Bo. 3 


The leads from the strain gauges and the potentio- 
meter were brourcht into a Brush Recorder which recorded 


the different forces and amplitudes. The weight of 


the veer was determined by usine platform scales and 


a lever syatem ~ Fig. Mo. h. 
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The method used in calibrating these three pairs 
of atrain gauges snd the one potentiometer are as 
follows: 

(A) Axial Force. The tw opposite gauges on the 
fork running parallel to the axis of the s trut measure 
this force. The strain analyser was balanced end no 
load conditions were recorded. In this manner a rel a- 
tionship was established between the deflection of the 
osellléscope and the vertical load applied. A full 
static losd was applied end again readings were re- 
corded. In other wrds, so meny millimeters of deflec~ 
tion on the reeorder indicated a known amount of force, 
Points between full load and no load were checked snd 
found in agreement. 

(B) Drag Force. These forces were obtained in a 





manner very similar to those mentioned above. Attention 
should be called to the procedure in thich a horigontal 
pressure was applied to the strut. A light cable was 
stretched through a pulley where a known weight could be 
suspended. The cable can be seen in Fig. Wos. 1, 3, and 
4. Here, with known loads, the recorder was cel lbrated. 


(C) Gentilever Deflections. The displsecement of 





the cantilever was measured by edjusting the 1m ding 


gear a known distance above the flywheel; then by 
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9 
lowering the geer ea known deflection was incurred. This 
deflection was recorded on the Brush Recorder, A rela- 
tion between landing wheel movement and the recording 
instrument was established through this ection. 

(D) Potentiometer. The potentiometer was the only 
article in the Iinstmmentation which was not linear in 
recording cheracteristics, Here the oleo was deflected 
a prescribed amount end recordings were made. This was 
necessary because the potentiometer was operated by a 
scissors errangement, and even under these conditions 
the values approached os straight line, 

Teating procedure was bezun when all the instruments 
were tested and calibrated. In order to operate the 
mechanism the Sssex (test engine) was started and allowed 
to attain a fair rate of speed before engaging the 
reduction tear. Due to the weight of the larze flywheel 
it was necessary to tipn 1t over manually before tying 
in the drive system. ven under these conditions there 
was e great deal of slipping in the beltinse arrangement. 
This alipping occurred until the flywheel reached an 
approximate speed of twenty-five revolutions per minute, 
From this point the engine assumed control end was able 
to develop the apeeds which were obtained during this 
study. The speeds were measured by a strobotac. 

Upon — certein flywheel speeds, the operation 
shifted to where the strain zauges and controls for 


dropping had been placed. A quick release mechanism 
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10 
was fastened to an overhead holst and elevated the 
dropping arm to a height which would give the desired 
sinking speed. Drops were mede from heights to represent 
one to seven feet per second velocity at striking. 

When the dropping arm was at a desired level the 
anrparatus was ready to simulate a landins. The Brush 
oscillbscopes wore started and the quick release mechan- 
ism was tripped, The forces and deflections whieh 
occurred during the first few seconds of sach lending 
were recorded. This procedure was repeated for the 
various dropping heights end tire pressures until the 
data was completed, 

Motion pictures were made of drops, Fig. Hoa, 19 
through 12, at a rate of one hundred frames pr second. 





A strut angle of twenty-four degrees was chosen 
as the optimum angle of suspension. It was used es a 
point of departure for this thesis work and was suggested 
from another thesis developed simultaneously by H. Wood. 
Only the forces up and dow the strut are considered 
in developing the theory. This decision was mede since 
the gear was in what was estimated to be the best engle, 

The horizontal force problem which is neglected in 
this study is mentioned in the following remarks: 

First: This force nay be solved by equating inter- 
nal energy to the external energy, but varying sectional 
moments of inertia pose another condition. 

Seeond: In noting Fig. Nos. 8 te 23 inclusive, 
the drag and axial forces act in a wiiform manner, 
Studying the aress under the foree time curves might 
leed to « solution. 

Third: A dynamic study of besring friction and 
friction when striking contacts are made, may point to 
an enswer of the dreg force reaulting from landing. 


Drag foree is a function of friction and is of major 


1 "A study of Dynemiec Porees in Aircraft Landing 
Gear Struts with Relation to the Optimum Angle of Sus- 
pension", H. Yood, A Thesis for Degree of Master of 
Seience in Aeronaytical Engineering, July, 1949. 
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12 
importance, A system of vectors and a knowledge of 
abrasion might suggest a solution. 

The damping constant of the oleo was computed as 
The axial force was known at a given time along with the 
spring constant of the strut. The amount by which the 
landing gear deflected for the above period of time was 
also known. These, too, were obtained from Fig. Wos. 
8 through 23, Since 


Fr = 0X + kx 
G can be obtained. Following this the averace value 
of C from all the readings was computed. 

The spring constants for the syatem were computed 
by applying static leads to th gear and measuring the 
deflections of the tire and oleo. By reneating this 
process a sufficient number of tiwes a ratner constant 
graph wes obtained, Fig. No. 7e 

The original proposel of this thesis was to study 
ths variations of five paremeters, but because of 
mechanical failure of the driving apparatus only two-- 
Gropping velocity end tire pressure--were investigated, 

In the design of the appsratus a curvilinear drop 
ls used instead of a true vertical motion. A pivot 
point is located in line with the top of the lerge fly- 
whee] joining a droping arm. Therefore, from the time 


the tire initially touches the landing surface and until 
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Calibration: , 
Dras - 1 mm = 220 Cantilever - 1 mm = ,375" 
Axial ~ 5 mm = 930} Potentiometer ~ kefer to Fir. No.5. 
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Drag -— 1 mm = 1107 Cantilever — 1 mm = .416" 


Axial ~- 5 mm = 8354 Potentiometer — Refer to Fig. No. 5. 
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Calibration: . 
Drag - 1 mm = 1107 Cantilever —- 1 mm = ,416 " 
Axial - 5 mm = 8357 Potentiometer — Refer to Fig. No. 5. 
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Fig. No. 16 
Date: 7/13/L9 
Strut Angle - 24° Tire Pressure 35/ 
Weight — 1060# Landing Velocity - 56 FPS 
Brush Speed 125 mm/sec Dropping Velocity ~ 2 FPS. 
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Calibration: 
Drag - 1 mm = 1104 Cantilever -— 1 mm & ,i,16" 
Axial - 5 mm = 8357 Potentiometer — Refer to Fig. No. 5. 
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Strut Angle ~ 24° Tire Pressure 35# 

Weight - 1060; Landing Velocity - 56 FPS 
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Fig. No. 19 


Strut Angle -— 24° 
Weight — 1060# 
Brush Speed 125 mm/sec. 
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Cal eration: 


Drag - 1 mm = 110 Cantilever-—l mm = .208" 
Axial = 5 mm = 835# Potentiometer - Refer to Fig. No. 5 
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Fig. No. 20 


Date: 7/13/L9 | 
Strut Angle — 24° Tire Pressure — 4O# 
Weight -— 1060# Landing Velocity = 56 FPS. 
Brush Speed 125 mm/sec. Dropping Velocity ~ 2 FPs. 
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Landing Velocity -~56 FPS. 
Dropping Velocity — 3 FPS, 


Tire Pressure = L0# 


Fig. No. 2 


Strut Angle — 21,9 
Weight — 1060# 
Brush Speed 125 mm/sec 
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Fig. No. 22 


Tire Pressure ~ 10# 
Landing Velocity -— 56 FPS. 
Dropping Velocity - 4 FPS. 
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Potentiometer — Refer to Fig. No. 5. 
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Tire Pressure - 40# 
Landing Velocity - 56 FPS. 
Dropping Velocity — 5 FPS. 





COMPARISON OF THE THET AND THRORY 


The following problem Incorporates the constants 
computed into the theory developed. 


939 # 
wo 2 121 # 
= 29.16 #sec.*/rt. 
‘Wo = 3.76 #@sec.*/ft. 


a 
~ 
st 


* 
ra) 
i 


Kertective = *neasured Cos2l.e 
k, * 153) #/ft. 
ko © 11280 #/ft. 
eff 
“Ay = ~ 094, ft. 
Ko © 12300 #/ft. 
meas 
“Do = =-.636 rt. 
DETERMINATION OF (C) DA®WPING CONSTANT 





Example: 


: ax Le 
Prom Pig. Ho. 1h x @ i? aot = 26.3 ft./sec. 


ef t = .O4 sec, 
Ry = 69 #/in. 


rs dee. B35 # = 1615 # 


Oleo Deflection = 1.07 inches 
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Pecy + Kx 


1615 = 626.8 + 69 x 1.07 


io 57.5 #see./in. 


683 #see./ft. 
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Cave. = 953 
Equations of Motion 
“My %, - CX, - ¥Q)) = &, (x, - xg) = 0 
“M2 HQ = koxp + ky (x, - xg) 4 O(&) - #2) = 0 


or 
st + 19653 4 3,475.6582 + 67,192,058 + 162,965.3h 


= 0 
By Synthetie Division 

S) * 2.759 a, 

So ® 173,62 

S3 * -7.31 -1 16.65 

S, = -7.31 +1 16.65 
A = J, A! A = -50,03A' 
B = fo BI B= -,1)15B1 
Cs Bs gt C # .663 +1 .862 
D = fy, dD pe 663 - i .862 
Be i 236,359.82; A’ 3 ,007)5; 
By = 1 2133.98; at = =.01699; 
Eo = ~1 866.03; Ct w =.052 + 1 .112; 
Bz * -32.1)5 - 1 14.92 D' @ -.052 ~ i .112; 
zB}, = $32.15 = 1 1h.92 A = ~.373 


Bs ,002h; 


ge at wien 


ceri. 2 
tittio.« # W 
in2c. t+ SS.- = 2 
Wii. 1 + TH 2 6 
cts * 

aoe. of 
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meus 8 

sf 

gen ahd t- = @ 

Put 2 = She. 0i- @ oF 

Tive ll L = S0l.504 * & 
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There 1s a close agreement between the test data 
and the theory. The computed period of vibration is 
-377 seconds whereas the exerimental period is. 388 
seconds, The theory is within 2,8 per eent of the experi- 
mental values. The theoretical maximum force for the 
landing geer's dropping velocity of four feet per second 
shows an axial force of 246 pounds. An experimental 
foree, 1910 pounds, was indiceted on the Brush recorder, 
The association between these two values is not as close 
as that of the period previously mentioned. The affi«- 
nity between the mexinum theoretical force is 22 per cent 
greater than inthe experimental axial load. 

From Pig. Nos. 6 & 7 am chosen the values of spring 
constant used in the illustrated problez, These values 
are not true constants, but are assumed to be in order 
to simplify computations. For example, as the air com-~ 
pressed in the oleo,the force versus distance curve 
was not of a linear relation. This was also true for 
the tire, In other words, these “spring constants” are 
not in reality, constant. Had they been a true constent 
the agreement between the theoretical end experimental 


would have been closer, 
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The date of this experiment indicates that the 
theory and the experimental results agree quite closely. 
As the tire pressure increasss the axial force 
increases, At the slower striking velocities the effect 

of the tire pressure is not as noticeable as when the 
vertical forees are of a greater magnitude, In Fig, 
Wo, 25 there is an indication that the axial force 
increases by the squere as the dropping velocity in- 
creases linearly. On leg peper (Pie. No. 25) the graph 
shows equal distances between the curves at constant 
tire pressure, These equal distances increase between 
the curves as the pressure of the tire becomes grenter, 
This gives an increasing slope. Fig. No. 26 shows a 
better picture of this slope end indicates more clearly 
that as the tire pressure increases the force along the 
strut increases, 

Both the Brush Necorder and notion picture show 
that a temporary frequency is introduced into the system 
during the first phase of landing inpact of the lending 
gear, This frequency results from the drag forces im- 
posed on the asatrut, end the vertical vibrations of the 
tire. The film indicates that the lending gear, after 
its initial contact with the flywheel, does not leave 


the landing surface. 
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APPENDIX 


ky * spring con- 
stant of Oleo 
strut 


ko = spring eon- 
stant of tire 


C 3S damping con- 
stant of oleo 
strut 


W) * weight of air~ 
diane 


Wo * weight of wheel 
and lower half 


of strut 
4 S mess 
A,38,C,D, 


' = con- 
AN,BI,G'sD" stants 


i ® imeginery unit 





tt 


s complex frequency 
From the forces acting on this diagram the equation of 
motion can be written, 


(1) - my), ~ o( ky - ko) ~ ky (3 oo xo) = 0 
(2) + mpkp - kaxo + ky (x, - Xp) + e(ky - ko) = 0 


Let: x, = Ae®® 4, = saedt %, = S“aest 


X» = Rest ko * aBeSt i> * a2 ReSt 


Subs. in (1) and (2) the following results 
(3) (-m,3* = cs ~ k, )aes® 4+ Be®t (es + ly) = 0 
(4) (-mps@ - es ~ ky - kp) BeSt + AeSt (cw + ky) = 0 


h3 





seri Ninve e ear ap léow 
Sm Cae ~ gel tak = geo = Mew - it) 
OP hm phle + lee * pth + gues = gltge - (5) 


‘ete BP “See eke tte 
el ee Oe ee 


ePietes witewtiwt efit (5) See Cf) oo? verted 


.? + Co) ‘en + 7o0) t= ey = Saypen) ey 


S* igt + ap) 78yk + Oe fey = = oe — See) ii! 


cf 


ud 
The e8t caencels--Then putting inte determinant form and 
solve for s (which is the freq.) 


(S) | «mj s* - es = ky Ca + ky 


= 0 
(6) les + ky -mo8e ~ e8 - ki =- kp 


Solve the resultant equetion 


(7) mymost 4 (m, + mg)ea3 + (kypm, + kymo + kgm)S* 
+ Koes + Kykp © 0 


Letting a = (my + me) ¢ 
= mm m2 


Se ic By + kKIMD + kom] 
maymo 


kge 
mimo 


a = kyk2 
ma) m2 


¢ & 


(8) st + esd » bs? + cn + d 2 0 


Brots “approximate factorization” gives a reletive close 


solution for this equation under certain ¢ onditions: 
f(s) 2 (s@ + as +b) (a¢ + s 4 $) = 0 


(9) Sy,2 * oa 2 Ve = bp 


(10) S35}, z- “Ke ye aly - 
| 2 
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Synthetic division give better results, With this, the 
following cen be written: 


(11) x, = Ae®Lt + Be®2t + Ge3t 4 neMht 
(12) xo 8 ate@it + Bre®2t 4 creS3t% 4 pre®ht 
Then put A in terms of A! 


(amjs@ - cs = k))A + (Ca ky )At 





(es + ky )A + (-moa “~~ Cy, - kj ~ ko )At 


es) + k 
a a my S1¢ 4+ es) + ky : ays 


(1h) a. 2 = ggBt 
mjs22 4 esp + ky 


(is) cs i a Axo" 


my 85° + 683 + kj 


4 pt fi,D? 
} 


my 8), + es) 4 ky 


(16) D 


How set up boundary conditions 
at & 20 Xx, = A, xg >-A, 
k, = vo Ko = vo 


where - A, and -Ap equal the distance from center of 


mass to equilibrium position 


(m,- mo) g . (m1 + mo} ¢ 
Ky K> 
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(17) <A 3 @ wo%2* 4 pe@2® 4 co®3* 4 noM* 
(28) “A> ™ Are@n® of nref2® + org&3% + tg lt 


Lat Vo @ The Gpop,ing velocity of the lamling gear 
and taking derivative, cives 


(19) Vo ® Syne®i® 4 sano2* 4 550093* + 5, neM%* 


(20) Vo ® Syate®® + 8,81 e%2™ 4 8,0790"3* + 5, ntem® 





Reweriting (17) and (19) 


(21) ~Ay ® fyara®r® Sonre®2* + $,079"3* 4 Ay, 
ot gta 


(22) Vo Sf are*l® + Soffant e®2? agfore"3* + 


apn ott 
Tere ara four equations, four unknowms putiing in deter- 
minant fora: 
1 1 i 1 
Lat = = 
Am 02 ty wy 
Sy a2 ay 3h, 
S32 Gpfig Soffy Se, 
By *|-A2 L 1 i Mig #| 2 ~A» i 1 
“~~, «6820 6068p % A, 8 
Vo ed 3 3 of. sy Vo “3 u, 


Yo Saha Sxfz3 Mh, ath Vo Igy SM, 
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By *| 1 1 = “4p m = (2 i 1 we 





A 8g A % 68a yaa 

3 S2 Ve >» FS SS 

Sif, S282 Vo Sofe S383 V, 
Therefore: , 


ats hy nr 8 5 or sos pr 2 oh 


Substituting in (11) and (12) the equation of motion 
result. 


(23) xy = gt Hyokt® > Be Ago®e® 4 TB AyePD® 4 


gt As" 
(2h) x2 8 e®1* 5 ie o2t 4 = e3* 4 — eo i® 


Let 8), 8D, 53, and 8}, be complex roots, 


OF» 
8) 7 a) + iw, $3 % ao + id~a 
So * a) + IW, a}, = ag + iws 


Agein (11) amd (12) can be written 
m -,{@] + £24)% a) « to43% (ap+i@s)% 
(25) x, = Ae 1)” & Bd@l 1/° + Ge 


- t 
7 ne 82 IG» ) 


(26) x58 are (Siri z)* e Bre BBrteO1)® . org ( @ariee)t 
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DeMoivre'!s Theorem: 
6°" «2 cos wt + i sin @t 


eit 2 cos wt ~ i sin wt 
(25) and (26) are written: 


(27) xy = Ae@teriont 4 pe®l iit , peaaterioat 
f ne*#2ta~ivat 

(28) xp & Ate™l*_tiw yt 4 pretite “Mit , or_82t 
etiw2t . nt —gt2t,-iwat 

(29) x, = (A cos mt + Ai sin ,t) e*1% 4 »@2% 
(Beos @,t - Bi sin wt) + e82* (¢ eos 
W5% + Ci sin Wt) + 082% (p cos ot - 
Di sin aot) 

(30) xp = (A'cos @yt 4+ Ati sin w tet + 991% 
(Bteos ot ~ B'i sin wm t) 4 @82t (G1 
cos Wot + C'i sin @ot) 4+ e*2* (bp eos 
wot - D'i sin @ t) 

Combining (29) and (30) using De Hoive's Theorem 

(31) x, ® e81% (Cycos at + Cp sin wt) + gt2t 


(C3 cos @gt + Ch gin wot) 
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